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Objectives. Even though endovascular aneurysm repair (EVAR) creates a closed chamber except for patent branches, the
intra-sac pressure is never zero. This study was designed to investigate whether, and to what extent, aneurysm wall
compliance influences intra-sac pressure.
Design. In vitro experimental study.
Methods. Aneurysm models with six and 12 latex layers were produced, resulting in elastic and stiff circumferential
compliance (3.5 ^ 0.5 and 0.9 ^ 0.3%/100 mmHg, respectively). The models with an 18 mm internal neck and maximum
aneurysm diameter of 60 mm were inserted into an in vitro circulation system. The systemic mean pressure (SPmean) was
varied from 50 to 120 mmHg. After the aneurysm was excluded with a knitted polyethylene graft, aneurysm sac mean
pressure (ASPmean) and aneurysm sac pulse pressure (ASPpulse) were measured. Data are presented as mean ^ SD.
Statistics were performed using repeated measurements of variance; p , 0.05 was considered significant.
Results. In the model EVAR created a closed chamber without endoleak, but with an aneurysm sac pressure related to wall
compliance. In the elastic aneurysm model with six latex coats the aneurysm sac mean pressure (ASPmean) and the
aneurysm sac pulse pressure (ASPpulse) at all systemic pressures were significantly lower than they were in the stiffer model
with 12 latex coats (p , 0.05). At a SPmean of 90 mmHg, the ASPmean was 21.0 ^ 0.9 mmHg (six latex coats) and
26.0 ^ 0.2 mmHg (12 latex coats) (p , 0.05), the ASPpulse was 5.7 ^ 0.2 mmHg (six latex coats) and 8.8 ^ 0.3 mmHg
(12 latex coats) (p , 0.05).
Conclusions. This in vitro model demonstrated that the aneurysm sac mean pressure (ASPmean) and the aneurysm sac
pulse pressure (ASPpulse) were significantly influenced by the compliance of the aneurysm wall. These data highlight the
need for further studies regarding endotension.
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Introduction
The treatment of abdominal aortic aneurysm aims to
prevent aneurysm rupture. During conventional open
surgery vascularisation is reinstated, by replacing the
weakened aneurysmatic wall with a vascular prosthe-
sis. Alternatively, in patients with suitable anatomy,
pressure in the aneurysm sac, which may lead to
rupture, can be eliminated by endovascular placement
of a stent-graft. Primary technical success is defined as
the successful introduction and deployment of a stent-
graft, thereby completely excluding the aneurysm sac
from the circulatory system.1 Consequently, there
should be no pressure in the aneurysm sac.
Several investigators have found, however, that
aneurysm sac pressurization is still apparent, despite
correct endoleak-free placement of the stent-graft.2 – 5
This pressure has been termed ‘endotension’,6,7 and
the definition was later modified.8
In clinical and experimental series, a wide range of
intra-sac pressures has been recorded, even though no
endoleaks were present. This investigation deals with
the influence of aneurysm wall compliance on intra-
sac pressure following endovascular aneurysm repair
(EVAR).
Methods
In vitro circulating model
The experimental set-up consisted of an in vitro circula-
tion model containing a pulsatile pump, a silicone
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tubing system, peripheral resistance, a wind-kessel
and a collecting system (Fig. 1).
The pulsatile pump (Rollerpumpe, Sto¨ckert Instru-
mente GmbH, Munich, Germany) could be varied in
frequency, diastolic suction pressure and systolic
driving pressure. Silastic polymeric silicone tubing
was used proximal and distal to the aortic aneurysm.
Sections of silicone tubing with different diameters
and a wind-kessel were used to make the system more
compliant. Peripheral resistance was adjusted with cuffs
around tubing proximal and distal to the aneurysm, to
mimic the human peripheral circulation.
The fusiform aneurysm was constructed of latex
tubing and was about 50 mm long. The maximum
transverse diameter was 60 mm in the middle section
(volume 80 ml) with an internal neck diameter of
18 mm (to mimic the infrarenal aorta in a healthy
human). A hole, 4 mm in diameter, was punched in the
wide middle segment of the aneurysm (Diamond-
Edge Disposable Aortic Punch, Genzyme
Cooperation, Fall River; MA, USA). A 4 mm latex
side port was glued with latex to this hole and
connected with a catheter to measure pressure. The
aneurysm models were produced with two-wall
thickness. According to the methods previously
described,9,10 latex models were fashioned by painting
a glass aneurysm protomodel with either six or 12
coats of liquid latex (Fig. 2). The number of coats
determined the thickness, hence the elasticity of the
resulting latex model. The aneurysm model was
connected to the silicone tubing system inside a closed
polyvinylchloride chamber which served as a collect-
ing system.
Pressure measurements were performed with a
catheter (16 g diameter). The pressure was determined
with a pressure guide wire technique, in a standard
arterial-line fashion. The catheter, filled with 0.9%
saline solution, was connected to pressure transducer
(Hybrid-Transducer BHT-2000, pvb medizintechnik
GmbH, Germany). The catheter for measuring the
systemic pressure parameters was introduced through
a side-port of the tubing proximal to the aneurysm.
The systemic and intra-sac pressures were measured
simultaneously (Medi-Stim AS, Oslo, Norway). After
exclusion of the aneurysm sac, aneurysm sac pressure
(ASP) and the following systemic pressure (SP)
parameters were recorded: systolic pressure (ASPsyst/
SPsyst), diastolic pressure (ASPdist/SPdiast) and mean
pressure (ASPmean/SPmean). Pulse pressure was calcu-
lated as the difference between the systolic and
diastolic pressure (ASPpulse/SPpulse).
The aneurysm was excluded with a 16 mm knitted
polyethylene tube graft (Hemashield; Meadox Medi-
cal, Oakland, NJ, USA). The grafts were glued to
disposable tube connectors and fixed to the aneurysm
neck at the proximal and distal ends. To avoid leakage
through the prosthesis in the absence of a normal
clotting mechanism, the prostheses were sealed with a
thin layer of latex, rendering them impervious to the
perfusate. The perfusate consisted of saline solution.
Other perfusates with plasma-like viscosity were not
used since viscosity does not play a major role in this
experimental set-up. For flow measurement the ultra-
sound transit time method (Medi-Stim AS, Oslo,
Norway) was used, which allows flow measurement
in a particle-free solution.
Compliance measurements of the aneurysm models
were performed as previously described.11 PressureFig. 1. Diagram of ex vivo circulation.
Fig. 2. Glass protomodel and artificial latex.
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was measured with a pressure transducer (Statham
P-23 ID, Gould, Cleveland, OH) linked to a pressure
monitor (Siemens, Erlangen, Germany). Mean sys-
temic pressures of 60, 90, and 120 mmHg were used in
the circulation system. The diameter of the latex
models was measured with a Keyence high-speed
laser scan micrometer, type LS-5001 (Osaka, Japan)
mounted on a numerically controlled longitudinal
positioner with a system accuracy of ^0.01 mm.
Absolute accuracy of the Laser Scan Micrometer was
^0.2 mm; reproducibility was 0.03 mm (data provided
by the developer). All values were digitized by a PC
using a data acquisition card (Advantech PCL-818HG)
and the data acquisition software DASYLab 4.0
(National Instruments Services GmbH and Co. KG,
Moenchengladbach, Germany). PC and software were
also used to control the longitudinal and rotational
positioning devices.
Rotating the aneurysm model from 0 to 60 and 1208
allowed measurement of circumferential horizontal
compliance in three vertical planes. Circumferential
compliance was determined in 1 mm steps and
defined as:
Ccirc ¼ DDDP·D
"
%
100 mmHg
#
where DD is the difference between maximal and
minimal diameter, DP is the difference between
maximal and minimal pressure and D is diastolic
diameter.12
Values are expressed as means. Standard deviation
is used to convey the variation in the planar
measurements and is expressed as percent of the
mean of measurements in three planes at the same
position (Table 1).
Model characteristics
Mean systemic pressure was varied from 50 to
120 mmHg by changing peripheral resistance with
cuffs applied around the tubing. Pulse pressure was
equilibrated to 40 mmHg. The pressure curve in this
segment was comparable to that of human beings. The
stroke volume of the pulsatile pump was manipulated
to allow flow variation through the aneurysm or graft
from 1.0 to 2.5 L/min. Flow measurements were used
to check whether the experimental conditions were
constant and physiologic.
The experiments
The experiments were performed in the absence of
endoleaks, and each experiment was completed with
one six coat model and one 12 coat model which were
measured six times. At the start of each experiment the
mean pressure in the systemic circulation was equili-
brated to 50 mmHg with an intact pulsatile circulation.
Increasing the systemic mean pressure by 10 mmHg
steps, the highest circulation mean pressure level of
120 mmHg was reached. At each level, the aneurysm
sac pressures were recorded following a period of
equilibration.
Statistical analysis
Continuous variables are expressed as the mean ^ SD.
Repeated measurement analysis of variance was used
to test the means derived from the pressure measure-
ments. The graphics are shown as box-and-whisker-
plots. P , 0:05 was considered statistically significant.
Results
As has previously been reported,13 systemic pressure
was transmitted from the implanted graft to the
aneurysm sac in a positively correlated fashion. A
pulsatile aneurysm sac pressure was recordable.
Compliance of the aneurysm models influenced the
transmitted mean pressure ðp , 0:05Þ; in that the
aneurysm sac pressure was lower in the aneurysm
with higher elasticity. This difference increased as the
systemic pressure increased (Fig. 3).
Analogous findings were demonstrable for the
pulse pressure. Pulse pressures were higher in the
aneurysm with lower elasticity (Fig. 4).
Discussion
The relevance of abdominal aortic aneurysm wall
mechanics to aneurysm rupture risk became a source
of discussion following the introduction of the echo-
tracking ultrasound system (Diamove) and the MR
phase contrast method, which provided reliable
compliance measurements in humans.14 – 19 A less
compliant aneurysm has been linked to an increased
risk of rupture. Therefore, we found it worthwhile to
Table 1. Circumferential compliance (%/100 mmHg) of the aneur-
ysm models (systemic pressure of 90 mmHg).
No. of latex coats
6 12
circumferential compliance (%/100 mmHg) 3.45 ^ 0.5 1.4 ^ 0.2
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investigate the influence of aneurysm wall compliance
on the intra-sac pressure following EVAR. According
to Walker and co-workers, we manufactured compli-
ant aneurysm models by hand application of liquid
latex with a fine brush in thin uniform coats to a glass
protomodel. Our compliance measurements agree
with previously described measurements. The com-
pliance of the models decreased as the number of latex
coats increased. The range of compliance was 0.8 to
3.8%/100 mmHg, which covers the range observed in
vivo.18,19 A characteristic property of arteries, and
especially the human aorta, is the non-linear elastic
response at increasing arterial pressure. Due to the
isotropic and linear elastic response of the latex-wall
and Laplace principle, it is not possible to simulate this
effect in the latex model. Despite the limitations of the
present model, this investigation permitted an insight
into the fundamental influence of compliance on the
aneurysm sac pressure.
Endovascular aneurysm repair (EVAR) by means of
correct placement of a stent-graft creates a closed
chamber except for the presence of any patent
branches. Even without evidence of endoleaks, several
investigators have reported aneurysm enlargement
throughout follow-up.8,20 – 22 Moreover, in individual
cases aneurysm rupture has occurred after EVAR with
recurrent or persistent endoleaks, indicating that
pressure and endoleak may play a role.24 – 28 The
concept of aneurysm sac pressurization and occult
endoleaks that are not visualized with current imaging
has been introduced, and the term ‘endotension’ was
introduced to explain this phenomenon.6,7 Strictly,
endotension was defined as increased intra-sac press-
ure after EVAR without visualized endoleak on
delayed contrast CT scan. Any elevation of intra-sac
pressure can occur with type I, type III and most type
II leaks. Furthermore, endoleaks detectable when
opening the aneurysm sac were defined as endoten-
sion type C and D (Table 2).8
Several investigators have demonstrated aneurysm
sac pressurization following EVAR in humans. In 1997,
Chuter and co-workers reported a measurable aneur-
ysm sac pressure persisting after EVAR. Subsequent to
placing an aorto-uni-iliac stent-graft made of woven
thin wall polyethylene, a pressure ratio of 0.5 between
the excluded aneurysm sac and the systemic circula-
tion was found.29 These findings were verified in a
later study, where the placement of an aorto-uni-iliac
stent-graft (woven polyethylene) resulted in a press-
ure ratio of 0.43 (aneurysm sac/aorta).23 The Leicester
group reported similar findings when they found a
pressure ratio of 0.5 following EVAR by PTFE based
bifurcated stent-grafts.30 When using a bifurcated
stent-graft, including technically successful aneurysm
exclusion without evidence of endoleak, the elevated
aneurysm sac pressures were even higher (ratio
aneurysm sac mean pressure/systemic mean
pressure ¼ 0.75).23 Furthermore, there is a wide
Fig. 3. Correlation of aneurysm sac mean pressure and
aneurysm wall compliance.
Fig. 4. Correlation of aneurysm sac pulse pressure and
aneurysm wall compliance.
Table 2. Classification scheme for endotension8.
Type
A with no endoleak
B with sealed endoleak (‘virtual endoleak’)
C with type I or type III endoleak
D with type II endoleak
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distribution of intra-sac pressure measurements, the
reason for this still being unclear.
Experimental investigations on latex aneurysms
without endoleaks have verified that the level of
aneurysm sac mean pressure, as well as the aneurysm
sac pulse pressure, is the result of pressure trans-
mission through the graft material. Using considerably
stiffer and less compliant graft types,31 the recorded
levels of aneurysm sac mean pressure and pulse
pressure could be depressed.13 However, experimen-
tal and clinical findings have verified that the intra-sac
pressure was never zero. The explanation for this is
that positive pressure results from pressure trans-
mission through the graft into the aneurysm sac.13 The
clinical relevance has been documented by the results
of several groups, which demonstrated an effect of
different stent-grafts on the sac volume throughout the
follow-up.32 – 34 It might be speculated that aneurysm
sac pressure is the underlying source for the divergent
development of aneurysm sac volume during follow-
up. As a consequence the question arises as to
whether, and to what extent, aneurysm inherent
parameters determine the aneurysm sac pressure.
Moreover, the consequence of aneurysm sac pressur-
ization referred to the aneurysm wall stress has to be
evaluated.35
This investigation demonstrates that the compli-
ance of the aneurysm wall influences intra-sac
pressure. It is clearly shown that a decrease in the
compliance of the aneurysm wall resulted in an
increase of the intra-sac mean pressure. As has been
speculated by Parodi and co-workers,22 our investi-
gation shows that aneurysm inherent factors influence
the aneurysm sac pressure. The goal of future work in
this area is to investigate other parameters which may
influence aneurysm sac pressure such as aneurysm
volume or abdominal pressure.
In summary, this study aimed to clarify the
relationship between endotension and compliance.
These data verify that aneurysm sac pressurization
after endoluminal grafting may take place and might
be influenced by many factors, like graft material,
aneurysm volume and aneurysm wall compliance.
These findings highlight the need for further studies
regarding endotension and may further support the
development of implantable transducers which would
allow non-invasive aneurysm sac pressure measure-
ment after EVAR.
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